We investigate the structural, magnetic, and specific heat behavior of the hexagonal manganite Dy 0.5 Y 0.5 MnO 3 in order to understand the effect of dilution of Dy magnetism with nonmagnetic yttrium. In this compound, the triangular Mn lattice orders antiferromagnetic at T Mn N ≈ 68 K observed experimentally in the derivative of magnetic susceptibility as well as in specific heat. In addition, a low-temperature peak at T Dy N ∼ 3 K is observed in specific heat which is attributed to rare earth order. The T Mn N increases by 9 K compared to that of hexagonal (h)DyMnO 3 while T Dy N is unchanged. A change in slope of thermal evolution of lattice parameters is observed to occur at temperature close to T Mn N . This hints at strong magnetoelastic coupling in this geometric multiferroic. In magnetization measurements, steplike features are observed when the magnetic field is applied along the c axis which shift to higher fields with temperature and vanish completely above 40 K. The presence of different magnetic phases at low temperature and strong magnetoelastic effects can lead to such field-induced transitions which resemble metamagnetic transitions. This indicates the possibility of strong field-induced effects in dielectric properties of this material, which is unexplored to date.
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I. INTRODUCTION
Recent findings of vortices in hexagonal YMnO 3 confirm the formation of composite multiferroic domain walls and reaffirm the geometric nature of polarization in hexagonal(h) RMnO 3 (R = rare earth). 1, 2 These reports have motivated the search for new hexagonal RMnO 3 and an improved understanding of bulk properties. The (h)RMnO 3 multiferroics are different from their perovskite counterparts due to two main reasons: First, the origin of polarization is structural rather than magnetic. 3 Second, they possess multiple magnetic sublattices for the rare earth ion and a 120
• triangular lattice for Mn. 4 These two reasons suggest the possibility of enhancing the multiferroicity in hexagonal systems by perturbing the asymmetric coordination of rare earth through structural tuning as well as by relieving the magnetic frustration in the Mn sublattice. The (h)RMnO 3 are ferroelectric (FE) below T c ≈ 900 K 5 and antiferromagnetic (AFM) below T N ≈ 80 K. Complex magnetic phases pertaining to the different sublattices are theoretically predicted in hexagonal manganites 6 and are experimentally observed as field-induced modification of the magnetic structure. 7 Reentrant magnetic phases have been observed in HoMnO 3 8 which were attributed to the indirect coupling between the FE and AFM orders arising from domain wall effects. In the case of hexagonal (Ho, Yb, Er)MnO 3 a magnetic phase due to rare earth was detected at low temperature which transformed into two phases with the application of the magnetic field. 9 In addition to different magnetic phases, giant changes in atomic positions in zero and under applied magnetic field were observed in (h)RMnO 3 . 10, 11 For example, in dielectric studies of HoMnO 3 , anomalies in the c-axis length were observed in applied magnetic field indicating strong magnetoelastic coupling. 12 The bulk magnetic properties 13 and magnetic structures of the end compounds (h)DyMnO 3 and YMnO 3 are studied 4, 14 and in YMnO 3 , the Mn spins adopt a triangular AFM magnetic structure 1 where the spins of the layers z = 0 and z = 1/2 are antiferromagnetically coupled.
14 However, Dy 3+ moments adopt a 3 structure where they align in the hexagonal c direction in the temperature range 8 T 68 K. Below 8 K, the magnetic structure changes to 2 representation with a ferrimagnetic alignment of moments. 4 Solid solutions of hexagonal manganites with different magnetic phases have been studied as Ho 1−x Y x MnO 3 15 and Er 1−x Y x MnO 3 .
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In both cases, existence of mixed magnetic phases were evidenced and with Y substitution, a reduction in magnetic frustration in the Mn lattice was observed. In the present study we dilute the influence of rare earth magnetism in (h)DyMnO 3 with Y substitution to see the effects of coupling between R and Mn lattices without directly disturbing the Mn sublattice.
II. EXPERIMENTAL
Polycrystalline Dy 0.5 Y 0.5 MnO 3 (DYMO50) was prepared by solid-state reaction of Dy 2 O 3 (4N), MnO 2 (4N), and Y 2 O 3 (4N) in stoichiometric ratio. After confirming the phase purity by powder x-ray diffractograms, single crystals were grown by float-zone technique using an image furnace (FZ-T-10000-H-VI-VP). Successful growth experiments resulted in crystals of dimension 6-mm diameter and 60-mm length. Quality of the grown crystals was ascertained through Laue photographs which showed that the hexagonal c axis is almost perpendicular to the growth axis. Powder x-ray diffractograms (PXD) of crushed single crystal samples were obtained in the temperature range 10-300 K, using a Huber instrument in transmission Guinier geometry. Rietveld analysis 17 of the powder data was performed using the FULLPROF suite of programs. 18 Magnetic and thermal measurements were performed using a commercial PPMS and MPMS (both Quantum Design).
III. CRYSTAL STRUCTURE
The PXD patterns obtained on DYMO50 (at 300 K) along with the results of the Rietveld analysis are presented in Fig. 1(a) . The refinement suggests a space group P 6 3 cm the same as (h)DyMnO 3 . 13 The refined lattice parameters are a = 6.161(1) (Å), and c = 11.446(2) (Å). The quality of fit is indicated by χ 2 = 3.24. No structural transitions were observed in the range 10-300 K. The temperature variation of unit cell volume is shown in Fig. 1(b) where the insets (1) and (2) show, respectively, the variation of a and c with temperature. A change of slope near 70 K is clearly visible in these plots. A similar temperature evolution of cell volume and lattice constants was observed in (h)YMnO 3 where atomic positions, bond distances, and bond angles showed anomalies at T Mn N , thus, indicating strong magnetoelastic coupling. 10, 11 The unit cell volume of DYMO50 was modeled following the Grüneisen approximation 19 using the expression, (5) μ B , is lower than the theoretical value μ calc = 9.70 μ B obtained assuming spin-orbit coupling for the rare earth ion. In the case of YMnO 3 , a clear deviation from the CW description was observed at 250 K itself, signifying the presence of spin fluctuations related to a two-dimensional (2D) short-range type. 21 Similarly, in the present frustrated magnet also, a CW description may not be the accurate one. 22 Electron paramagnetic studies on the parent hexagonal DyMnO 3 has shown that the spin fluctuations persist even above the T Mn N . 23 The frustration parameter calculated as f = CW /T N = 1.53 for (h)DyMnO 3 reduces to 0.54 for DYMO. Note that f in the present case is a very small value, lower than 1. We want to point out that the ratio CW /T N is not a rigorous measure of the extent of magnetic frustration of the system. This has been emphasized in detailed magnetic structure studies of spinel MnO 2 and pyrochlore Y 2 Mn 2 O 7 , both of which are frustrated magnets. 24 Following the CW analysis, they observe an f value of 3 which is not high enough to represent a frustrated magnet. However, a careful magnetic structure evaluation establishes the importance of magnetic frustration and the fact that a high value of CW /T N is not a necessary condition for frustration. Moreover, the estimation of CW from the CW fit for DYMO50 can be inaccurate as mentioned above. Following 24 we believe that a real picture of magnetic frustration can be captured through neutron scattering experiments.
Isothermal magnetization measurements with applied field, H to the c axis measured up to 9 T are presented in the inset and magnified in the main panel of Fig. 3 . The M(H) curves showed clear and symmetric steps accompanied by hysteresis. In addition, the clear change of slope is observed at 20 kOe in the magnetization to c at 2 K, as indicated by the arrow in the inset of Fig. 3 . The critical field, H c , at which these steps occur shifts to higher values with increasing temperature and eventually vanishes above 40 K. This is clear in the derivative plot, dM/dH in Fig. 4(a) . A comparison of the M(H) of (h)DyMnO 3 and DYMO50 in Fig. 4(b) shows that the magnetization of the latter has reduced to almost half the value of (h)DyMnO 3 as a result of Y dilution. A reduction in the height of the steps also is apparent. Extrapolation of the magnetization data at high fields toward abscissa indicates a value less than 1 μ B for DYMO50, which is lower than that for (h)DyMnO 3 . This might be an indication that the Dy moments adopt a ferrimagnetic 2 alignment same as in (h)DyMnO 3 . The steplike features in M(H) have been previously observed in (h)DyMnO 3 25 , being prominent below 45 K. In (h)RMnO 3 , numerical calculations based on group theory and Landau theory showed that the coupling between various order parameters leads to a complex magnetic field-temperature phase diagram. 6 In this respect, we recall the case of (h)HoMnO 3 where five different magnetic phases were identified. 26 Anomalies in the thermal expansivities at the antiferromagnetic and the spin-rotation transition temperature and a negative c-axis expansivity were observed in this compound. 27 Detailed study of dielectric constant of HoMnO 3 at low temperature under external magnetic field revealed a complex phase diagram with reentrant phases, thermal and field hysteresis, and anomalies in c axis at low temperature with applied magnetic field. 12 The temperature variation of the critical field at which the steps occur, H c , is shown in Fig. 4(c) . Notably, the steplike features in M(H) are absent in magnetization measurements performed perpendicular to the c axis [ Fig. 4(d) ] which is suggestive of the highly anisotropic nature of the magnetic interactions. The nature of magnetization curves close to H = 0 resembles that of an antiferromagnet. As the temperature is increased, the steplike features with hysteresis become less pronounced. This is suggestive of a ferrimagnetic state due to the alignment of Dy moments similar to that observed in (h)DyMnO 3 . 25 The magnetic steps as well as the derivative dM/dH versus H is similar to the bahavior of metamagnetic systems like Na 0.85 CoO 2 . 28 In the present case, the steplike features are attributed to phase transitions between different magnetic phases possessed by the Mn lattice and the R lattice. 
V. SPECIFIC HEAT
The observed specific heat, C p , of DYMO50 is presented in In order to analyze the thermal properties quantitatively, the total specific heat was modeled by assuming contributions from lattice (C lattice ), electrons(C linear ), and Schottky levels (C Schottky ). The C lattice is assumed to consist of contributions from a Debye term (C Debye ) and an Einstein term (C Einstein ).
where
Here, (24) , and 166(12) K, respectively. The value of i obtained from the fit was 60(5) K, which is close to the result from (h)DyMnO 3 . In order to analyze the low-temperature specific heat, the data were fitted for T 45 K considering contributions from the lattice, a linear term, and Schottky levels. Results of the low-temperature analysis for 0 and 4 T are presented in Figs. 6(a) and 6(b), respectively. An estimate of D = 244(15) K was made from the low-temperature fit for 0 T data. This value is close to that obtained from the Grüneisen approximation of unit cell volume. A value of 75(6) K (6.4 meV) was obtained for i in the zero field and 80(8) K with the application of 4 T. The low-temperature fit of C p in a short temperature range gives a higher value of i than that obtained from the full-temperature fit shown above. It is noted that the specific heat fits do not include a valid spin-wave term. This might affect the values of the low-temperature analysis. In the present case, it was difficult to accommodate a spin-wave term in the low-temperature fits. The accurate value of i cannot be commented upon as the crystal field level schemes of Dy 3+ is not clearly understood.
VI. DISCUSSION
To summarize, structural characterization of Dy 0.5 Y 0.5 MnO 3 confirms the P 6 3 cm hexagonal symmetry common to hexagonal RMnO 3 multiferroics. Interestingly, a change of slope in thermal evolution of lattice constants occurs at the magnetic transition temperature T Mn N . This signals strong magnetoelastic coupling which is also supported by the direct observation of colossal atomic displacements at the magnetic transitions under zero and applied magnetic fields in YMnO 3 through scattering experiments. 10, 11 Steplike features observed in magnetization below 45 K indicate possible multiple magnetic phases or orientation transitions of Mn/Dy spins. Similar ferrimagnetic order as in the end compound (h)DyMnO 3 can lead to such features. 25 In this respect, neutron scattering studies aimed at elucidating the magnetic structure are necessary. Nonmagnetic Y dilution at the Dy site is likely to mitigate the difficulties arising from the strong absorption cross section of Dy. From the specific heat measurements it is found that the Y dilution enhances in the range of 70-75 K. 22, 31, 32 However, surprising observation is that even after 50% dilution of the magnetic lattice, T Dy N remains unchanged. A valid explanation for this observation has to wait until a clear picture of magnetic structure in this material emerges. The determination of magnetic structure of Dy through neutrons is rendered difficult by the high absorption cross section. However, studies using resonant absorption of x rays are useful in this aspect. 4 It is worth pointing out that detailed neutron scattering and polarimetry experiments were carried out to address the problems in identifying different magnetic structures that give identical diffraction intensities of the end-compound YMnO 3 . 33 It has been shown that YMnO 3 indeed has a symmetry lower than 6mm. Furthermore, Y substitution in other hexagonal magnets like HoMnO 3 and ErMnO 3 has displayed the presence of mixed magnetic structures. 15, 16 These studies indicate that the magnetic structure of DYMO50 might also be a complex one and would require a careful examination to understand the magnetic structure and phases.
It is interesting to note that the parent DyMnO 3 and the substituted compounds show different structural and magnetic behavior. Usual ceramic synthesis of DyMnO 3 results in the orthorhombic P nma structure while, the hexagonal P 6 3 cm variant is stabilized through special synthesis conditions. 13 Orthorhombic DyMnO 3 is a helical magnet which is multiferroic while the hexagonal one is a frustrated magnet. Chemical substitution of Sr 2+ in DyMnO 3 (up to x = 0.5) retains the orthorhombic symmetry. Detailed investigations on Dy 0.5 Sr 0.5 MnO 3 revealed spin glasslike behavior. 13, 23, 34 Low concentration of Y 3+ in Dy 1−x Y x MnO 3 (x 0.1) retains the orthorhombic P nma structure. For 0.2 x 0.4 mixed phases are observed and for x = 0.5, hexagonal symmetry stabilizes with complex magnetic structure.
VII. CONCLUSIONS
Based on results of phase transition studies in zero and applied fields in different experiments, we constructed a tentative H -T phase diagram and it is presented in Fig. 7 . Note that the general features of the phase diagram are in conformance with the theoretical predictions of a generic phase diagram of (h)RMnO 3 . 6 The blue dotted line in the figure connects the data points and marks the boundary between different possible magnetic phases. The hysteresis observed at the magnetization steps are represented as a shaded region. In the paper by Munawar et al., 6 different magnetic phases pertaining to the Mn and the R moments are designated as A 1 , A 2 , B 1 , and B 2 . Identification of these phases in Dy 0.5 Y 0.5 MnO 3 would pose a challenging task and remains to be completed with the aid of detailed scattering experiments. Orientation effects of Mn and/or Dy ions, magnetic frustration, and the magnetoelastic effects are expected to play an important role in this material. We conclude by observing that dielectric, thermal expansion, and neutron scattering experiments to probe the magnetoelastic coupling in this material at the magnetic transition might be highly rewarding.
